Introduction
In this work, residual stress distributions in welded T-plates are presented. The stress distributions have been measuring using the neutron diffraction method, which determines the stress field directly from the measured elastic strains. A high strength steel ͑des-ignated SE 702, equivalent to the A517 Grade Q steel͒ and a medium strength steel ͑BS EN 10025 Grade S355͒ have been examined. The former has a yield strength of 700 MPa and the latter has yield strength of 348 MPa. It has been found that the transverse residual stress distribution for different plate sizes and yield strength are of similar shape and magnitude when normalized appropriately and peak stresses are on the order of the material yield strength. The measured stresses are compared with the distributions provided in UK safety assessment procedures and the conservatism in the existing stress distributions is assessed. The linear elastic stress intensity factors arising from the residual stress distributions have also been determined using the finite element method and the results compared with those obtained from the stress distributions in the assessment procedures. It is found that the K values obtained using the recommended stress distributions are significantly conservative. The conservatism is reduced somewhat if a residual stress distribution recently proposed for welded T-plates is used. The K values for the T-plate have been compared with those obtained if the weld attachment is ignored and the T-plate treated as a smooth edge cracked plate. It is found that except for shallow cracks (a/Wр0.1) the difference between the two K values is negligible.
Weld Geometry. This paper focuses on the weld geometry shown in Fig. 1 . The weld was manufactured by Cresusot-Loire Industrie, France ͑CLI͒ from an SE 702 steel ͑SE 702 is the CLI equivalent to the A517 Grade Q steel͒. The welding consumable used was Oerlikon Fluxofil 42, which has a quoted yield stress and ultimate tensile strength of greater than 690 MPa and 760-900 MPa, respectively. The weld is a full penetration MIG weld with a total of 22 weld passes and a weld heat input of 3.6 kJ/mm. The final weld was not completely symmetric as indicated in the inset to Fig. 1 with the weld angle, ␣ varying between approximately 75 and 80 deg on each side of the weld.
An alternating depositioning sequence was used to make the weld and the plates were preheated to 100°C to minimize distortion during the welding process. No post weld heat treatment was carried out on the weld. The measured distributions in this weld will be compared with recent measurements on a medium strength T-plate weld, ͓1͔ which has a similar geometry but different weld heat input.
Neutron diffraction measurements were carried out to measure the stresses along a line at the weld toe through the plate ͑line A-A in Fig. 1͒ on the center line of the sample. The three normal stress components ͑designated normal, transverse and longitudinal, as indicated in Fig. 1͒ have been measured. The measurements have been carried out at the NFL facility of the University of Uppsala, Studsvik, Sweden. The total length of the welded plate is 910 mm ͑see Fig. 1͒ but in order to carry out the measurements a 13.5 mm slice of the weld was cut from the plate.
The Neutron Diffraction Method. Diffraction methods for measuring residual stress can be used to determine nondestructively the stress state inside a sample, by measuring changes in lattice spacing from the ''unstressed'' state. Neutrons have a penetration depth of several cm in most metals allowing the stress state deep inside a sample to be determined ͓2͔.
When illuminated by radiation of wavelength, , similar to the lattice spacing, crystalline materials diffract the radiation as distinctive Bragg peaks. If the angle, , at which a peak occurs is measured, Bragg's law can be used to determine the lattice spacing, d,
If the unstressed lattice spacing and diffraction angle, are d 0 and 0 , respectively, then the elastic strain, , can be determined by the differentiated form of Eq. ͑1͒, i.e.,
The stress, , may then be obtained from the linear elastic properties of the material and the measured elastic strain, , in the relevant directions. For this work the neutron diffraction measurements were carried out on the instrument, REST, at the reactor source at Studsvik, Sweden. The instrument uses a monochromator which produces a single wavelength neutron beam from the polychromatic beam emerging from the reactor. In order to obtain three mutually perpendicular stress components ͑transverse, longitudinal and normal stress͒ measurements were carried out with the specimen orientated as in Fig. 1 ͑for the longitudinal and transverse elastic strain͒ and rotated through 90 deg in the plane of Fig. 1 ͑for the normal elastic strain͒. Reference measurements were made in the parent material at an extremity of the sample to obtain the reference diffraction angle, 0 for the unstressed material. The strain at a point is then measured relative to this ''strain-free'' angle using Eq. ͑2͒. The three stress components are obtained from the three normal strain components using Hooke's law.
For a given neutron flux and diffractometer design the time taken for a residual stress measurement is controlled by the distance travelled by the neutrons to enter and exit the steel ͑the neutron path length͒ and the properties of the material being measured. In order to reduce the neutron path length, a relatively thin slice of the welds has been measured ͑13.5 mm͒. It has been shown in ͓1͔ by comparison with hole drilling measurements on a full thickness T-plate that, although such slicing reduces the out of plane ͑longitudinal͒ stress, it does not have a significant effect on the in-plane ͑normal and transverse͒ stresses. A 2ϫ2ϫ2 mm 3 sampling volume was used and measurements were made at 28 locations across the specimen width. The 211 Bragg reflection was chosen using a wavelength of 1.7 Å. This yielded a reflection at approximately 2ϭ93.5 deg. The total measurement time was approximately 72 hours ͑24 hours for each direction͒. Figure 2͑a͒ shows the residual stress distributions obtained for the T-plate. The experimental error bars indicated in the figure are due to the uncertainty in locating the diffraction angle which is typically Ϯ0.01 deg. This converts to an uncertainty in stress of approximately Ϯ30 MPa. All other uncertainties are assumed to be negligible. It is seen in Fig. 2͑a͒ that the longitudinal stresses remain high, even though a thin slice of weld has been measured, indicating that the longitudinal stresses have not completely relaxed. The magnitude of the peak transverse stress is about 450 MPa ͑approximately 60 percent of the material yield strength͒ and occurs at a distance, y, about 5 mm from the weld toe. Close to the weld toe, all three stresses fall considerably-the transverse stress at yϭ1 mm is approximately 40 MPa ͑approximately 6 percent of the yield strength͒. It is expected that the normal stress will reduce to zero at the weld toe, due to the traction free conditions there, but the relatively low longitudinal and transverse stress at the toe is somewhat surprising. Figure 2͑b͒ shows transverse residual stress measurements on a medium strength T-plate similar to the geometry examined here but with three plate widths, W. The material used in this case was a BS EN 10025 Grade S355 steel with yield strength 348 MPa. These results have previously been reported in ͓1͔. The measurement for the smallest ͑25 mm͒ weld is an average of a number of neutron diffraction measurements at four European facilities ͑in-cluding Studsvik͒. In order to make direct comparison between the distributions the distances have been normalized by plate width, W. As discussed in ͓1͔, it is seen that when distances are normalized by W, the stress distributions are similar to one another. Note that in addition to being of different plate thickness, these welds also have different design ͑the smallest is a fillet weld, the largest a partially penetrating weld͒.
Results of Neutron Diffraction Measurements.
In Fig. 3 a direct comparison between the measurements for the two 50 mm welds ͑from ͓1͔ and from the current work͒ is shown. It may be seen that when stresses are normalized by yield strength the peak stresses are similar, though for the high strength plate, the normalized stresses are significantly lower at the weld toe. Further measurements will be carried out on this plate near the weld toe using neutron and x-ray ͑synchrotron͒ diffraction to investigate the stresses near the weld toe in more detail.
Approximation of Transverse Residual Stress in T-Plate Geometries.
In ͓1͔ an upper bound ͑conservative͒ estimate for the transverse stress in a T-plate weld was proposed as an alternative to existing distributions in the failure assessment procedures, R6 ͓3͔ and BS 7910 ͓4͔. This distribution was obtained by taking a Bayesian average of all the T-plate data for the medium strength plate and fitting a bi-linear curve to the mean line. The curve was then shifted upwards by 0.25 y to provide the upper bound shown by the dash line in Fig. 3 . This curve is a bi-linear relationship starting from ϭ y at the weld toe, y/Wϭ0, decreasing to Ϫ0.05 y at y/wϭ0.275 and increasing to 0.5 y at the edge of the plate y/Wϭ1.0. Note that such a distribution will not satisfy force and moment balance across the plate width.
In Fig. 3 a comparison of this distribution with the data for the two 50 mm welded T-plates is provided. Also included in the figure are the R6 ͓3͔ and BS7910 ͓4͔ transverse residual stress distributions for welded T-plates. For a ferritic steel, the R6 distribution is given by a bi-linear distribution, with ϭ y at yϭ0 decreasing linearly to ϭ0 at yϭr 0 ϭͱ122Q/ y , where Q is the weld heat input in kJ/mm. ͑The distance r 0 is an estimate of the weld plastic zone in a ferritic steel weld ͓5͔͒. For the SE702 weld, with heat input of 3.6 kJ/mm the value of r 0 is 25 mm and the average value of r 0 for the Grade 355 steel from was 27 mm. Since these two values are very close a single R6 curve is plotted in Fig. 3 with r 0 ϭ26 mm. Note that the validity range for the R6 distributions is for a yield strength range of 375 MPaϽ y Ͻ420 MPa so the weld in the high strength steel falls outside this range. BS7910 provides two transverse stress distributions for welded T-plates-a distribution which has essentially the same form as the R6 distribution and a polynomial distribution, which can be used if the weld heat input is unknown. This latter distribution is given as
and is plotted in Fig. 3 labeled BS7910 . It may be seen that the R6 and BS7910 distributions provide conservative estimates of the residual strss and the proposed distribution provides a closer representation of the measured data for the two weld geometries.
Calculation of Stress Intensity Factors for Welded T-Plate
In service, cracks may form at the weld toe due to the stress concentration there. Such cracks tend to be along the line A-A in Fig. 1, i. e., normal to the transverse stress. A fracture assessment for such a crack will generally require the linear elastic stress intensity factor, K, due to the weld residual stress and any additional primary ͑mechanical͒ loading. Previous work ͓6͔ has determined the stress intensity factors in the medium strength T-plate using the weight function for a T-plate geometry proposed in ͓7͔. However, the range of applicability of the weight function in ͓7͔ is restricted to somewhat limited weld geometries and the T-plate of Fig. 1 falls outside this range. Therefore, in this work the K value for cracks of different sizes at the weld toe due to the weld residual stress have been determined using the finite element method. Also determined for comparison are the stress intensity factors for the stress distributions provided in R6 and BS7910 and from the upper bound solution in ͓1͔.
In this work, the stress intensity factors for the cracked T-plate have been calculated using linear superposition. As illustrated in Fig. 4 , to determine the value of K only the stress distribution over the crack face is required, i.e., K (i) ϭϪK (iii) . For the current problem, the crack face loading is simply the measured ͑or approximated͒ residual stress at the weld toe. The approach taken here is analogous to the weight function method, except for the fact that the K value from the crack face loading is obtained directly using a finite element analysis, rather than by using a weight function. Note that the use of superposition assumes linear deformation and if the residual stress induces significant amounts of plastic deformation, the true crack tip driving force may be underestimated ͑or overestimated͒ by this method. In ͓8͔ a modified J integral was developed to allow the stress intensity factor due to a residual stress field to be determined directly. It was shown in ͓8͔ that, provided the plastic zone is small, the K-value obtained using linear superposition is almost identical to that obtained from the J integral. This result provides confidence in the application of the current approach. Note also that in the R6 and BS7910 assessment procedures the linear elastic K value is required for the analysis and the effect of plasticity on the stress intensity factor due to the residual stress is accounted for through an additional parameter ͑apart from an option 3/level 3 analysis where a full numerical analysis is required͒.
Finite Element Procedures.
A typical finite element mesh, which contains 13,000 plane strain four noded elements is illus- Transactions of the ASME trated in Fig. 5 . The ͑uncracked͒ T-plate is assumed symmetric with weld angle, ␣ϭ80 deg. A crack of length, a, is included at the right hand weld toe, as indicated in the inset to Fig. 5 , thus losing the symmetry of the problem. Because of the very dense mesh near the weld toe the element boundaries are not visible in this region of the figure. The smallest element size is 0.03 mm (6ϫ10 Ϫ4 W). All calculations were carried out using the commercial finite element software package, ABAQUS.
The fracture mechanics parameters J and K are calculated from path independent integrals using the built in facilities of ͓9͔-J is calculated using a standard domain integral implementation and K is obtained using an interaction integral approach ͑relevant only for a linear deformation͒. The advantage of the latter approach is that for mixed mode problems, both the mode I and mode II intensity factors, K I and K II , respectively, are calculated. For a mode I linear elastic problem KϭK I can be evaluated from J using the relationship ͑for plane strain͒,
where E and are the Young's modulus and Poisson ratio, respectively. Although focused meshes are preferred when K and J values are required, ͓9͔, a very fine regular mesh is used in this work, as it allows the variation of K with crack length to be examined without changing the mesh design for each analysis. For one of the crack geometries (a/Wϭ0.3) the value of K obtained using the regular mesh of Fig. 5 was found to differ by less than 3 percent from that obtained using a focused mesh.
Results of Finite Element Analysis.
Results are first presented for a uniform crack face stress distribution as this provides insight into the general problem. Following this, the stress intensity factors for the measured and approximate stress distributions are presented. Figure 6 shows the normalized K value obtained for a uniform stress along the crack plane ͑i.e., ϭ y across the plate width͒ for 0.1Ͻa/WϽ0.7, where a is crack length ͑see Fig. 5͒ . The values plotted are the mode I stress intensity factors determined from the ABAQUS interaction integral. Typically, the K values differ by no more than 2 percent over 25 domains and if the first domain ͑nearest the crack tip͒ is ignored, the difference is less than 1 percent. Similarly, if the first J domain is ignored, the J values differ by no more than 1 percent over 24 domains.
Uniform Stress Distribution.
Also included in Fig. 6 is the handbook solution for a single edge notch specimen under tension loading ͑taken from ͓10͔͒. As well as providing confidence in the analysis, the very close agreement between the two solutions indicates that the effect of the weld and attachment on the stress intensity factor is negligible. The difference between the handbook solution and the finite element solution for the T-plate ranges from approximately 7 percent at a/Wϭ0.1 to approximately 2 percent at a/Wϭ0.7 and in all cases the handbook solution overestimates the K value ͑it is conservative͒. Note that this does not imply that for a general mechanical analysis, the T-plate can be replaced by an edge cracked plate. For example, for remote tension loading, the weld toe will induce a local stress concentration ͑approximately equal to 3.0 for this weld geometry͒ which must be included when calculating the stress intensity factor using the method of superposition. However, if the stress distribution at the weld toe is known, as is the case here, then ͑for a sufficiently deep crack͒ the stress intensity factor can be calculated ignoring the weld and attachment. This issue will be discussed further in the next section.
The K values plotted in Fig. 6 are the mode I values obtained from an interaction integral. As the cracked T-plate is not symmetric ͑see Fig. 5͒ , a small K II component is generated even for a uniform tensile stress on the crack faces. The magnitude of K II ranges from 8 percent of K I at a/Wϭ0.1 to 0.1 percent at a/W ϭ0.7. ͑Note that if the overall K value (͉K͉ϭͱK I 2 ϩK II 2 ) for the T-plate is compared with the handbook solution for a single edge notch tension geometry, the agreement is even closer than that seen in Fig. 6͒ .
Measured and Representative Residual Stress Distributions.
As in the previous section, the stress intensity factor has been obtained for seven values of crack size in the range, 0.1Ͻa/W Ͻ0.7. Figure 7 shows the results for the two measured stress distributions in Fig. 3 . The normalized results are independent of the plate size and the material yield strength ͑assuming linear elastic behavior͒. It may be seen that despite the strong similarity of the stress fields in the two welds in Fig. 3 , the reduced magnitude of the stress near the weld toe in the SE702 plate leads to a significantly lower magnitude of normalized K for all values of a/W. ͑The differences are smaller when the absolute value of the stress intensity factors are plotted rather than in normalized form since the yield strength of SE702 is almost twice that of Grade S355.͒
The stress intensity factors in Fig. 7 are next compared to those obtained using a number of representative stress distributions. Four stress distributions have been examined-the BS 7910 polynomial distribution, the bi-linear R6 distribution, the proposed upper bound distribution and an approximate mean stress distribution for the medium strength steel from ͓1͔. The latter distribution corresponds to the upper-bound stress distribution reduced by 0.25 y , i.e., the K value for this case will be given by the upper bound K distribution minus 0.25 times the distribution in Fig. 6 .
The results of these analyses are presented in Fig. 8 . It may be seen that the R6 and BS7910 distributions provide similar stress intensity factors. This is not surprising since over the region of interest, 0Ͻy/WϽ0.7 these distributions are very similar ͑see Fig. 4͒ . It may also be seen that the R6 and BS7910 distributions significantly overestimate the K value in the T-plate ͑the data shown are for the medium strength T-plate, the conservatism is even greater for the high strength plate͒. Similar conclusions were reached in ͓6͔ based on a weight function analysis of the S355 T-plate. It is seen from Fig. 8 that for a/Wϭ0.1 the R6 distribution overestimates the K value in the 50 mm T-plate by over 50 percent. The upper bound distribution is also quite conservative, though less so than the BS7910 and R6 distributions ͑overesti-mates the K value in the 50 mm T-plate at a/Wϭ0.1 by approximately 25 percent͒. The mean curve ͑dash line͒ is seen to be slightly non-conservative ͑underpredicts the K value͒ for a/WϽ0.6.
The above results were obtained from an FE analysis of the T-plate geometry of Fig. 1 . As discussed earlier, very small differences were seen between the results obtained from the T-plate geometry and the handbook solution for a smooth edge cracked plate. Figure 9 shows the difference between the solution obtained from an FE analysis of the T-plate geometry and the result obtained using a mesh without the weld and attachment for the R6 stress distribution. Similar trends have been seen for the other distributions. Here the difference between the two results is calculated as
It is seen from Fig. 9 that for all values of crack depth the estimate from the smooth plate differs from the T-plate solutions by less than 6 percent and overestimates the K value in the T-plate ͑i.e., it is conservative͒ for all the cases examined. Thus, if the K value is required for a T-plate of the type examined here, it can be estimated to a good approximation using a relatively simple edge cracked finite element mesh.
Discussion
It has been shown that the residual stress distributions provided in existing structural assessment procedures can be very conservative, leading to an overestimate of the stress intensity factor by at least 50 percent. For the medium strength steel, which has a high toughness (K JIC Ϸ240 MPa ͱm from ͓6͔͒ this is perhaps not of great significance since the K value due to residual stress is considerably less than the material toughness ͑for a/Wϭ0.1, the K value for a 50 mm plate with y ϭ348 MPa from Fig. 8 is approximately 30 MPa ͱm). However, the fracture toughness of the SE702 material is considerably lower-K IC data from ͓11͔ indicate that the toughness lies between 100 and 150 MPa ͱm.
Thus the K value due to the weld residual stress may be a significant fraction of the fracture toughness of the material. This issue is addressed in Fig. 10 where the K values obtained from the R6 and BS7910 distributions are compared to those obtained from the measured distribution. It is seen that the K value from the R6 and BS7910 distributions, even for the most shallow crack, is close to the measured fracture toughness of the material and would thus lead to a very nonconservative assessment. Fracture testing of the SE702 steel is ongoing, both to confirm the toughness values quoted in ͓11͔ and to examine failure loads in T-plates containing residual stress.
Conclusions
Residual stresses in welded ferritic steel T-plates, determined using neutron diffraction, have been obtained. It is seen that when stresses are normalized by yield strength and distances by plate width, the magnitudes of the residual stresses from different welded plates are similar. Stress intensity factors corresponding to these residual stress field due to a crack of varying size at the weld toe have been calculated. Values obtained using a smooth plate are within 6 percent of those obtained using the full T-plate geometry. Existing representative residual stress distributions provided in safety assessment procedures are conservative and overestimate the stress intensity factor by at least 50 percent. An alternative stress distribution, proposed in ͓1͔ reduces this conservatism to approximately 30 percent for shallow cracks. It is seen that for a high strength, relatively low toughness steel, these differences can be significant in terms of a structural integrity assessment of a welded T-plate. a ϭ crack length d ϭ distance between lattice planes d 0 ϭ distance between unstressed lattice planes E ϭ Young's modulus J ϭ J-integral K ϭ Linear elastic stress intensity factor K I ϭ Mode I stress intensity factor K II ϭ Mode II stress intensity factor Q ϭ weld heat input r 0 ϭ estimate of size of weld plastic zone W ϭ plate width ␣ ϭ weld angle ϭ strain ϭ neutron wavelength ϭ diffraction angle 0 ϭ diffraction angle for unstressed lattice planes ϭ stress y ϭ yield strength ϭ Poisson's ratio
